The study was undertaken to design magnetic core-shell Fe 3 O 4 @TiO 2 nanoparticles from electric arc furnace dust and evaluate its photocatalytic activity on organic pollutant degradation from steel industry wastewater.
Introduction
Khouzestan steel company (KSC) is an iron and steel producer in the south west of Iran, established in 1973 and built on 3.8 km 2 in the vicinity of Ahwaz city. KSC is operated based on a direct reduction method and uses electric arc furnace (EAF) technology, which has an actual capacity of up to 3.6 million tons per year. KSC consumes 8 m 3 of water to produce a tonne of steel. The effluent of steel mill wastewater is transferred into pumping stations through gravity lines. At a predetermined point, the wastewater is pumped through a pressurized force main gravity pipe system that carries the wastewater to the wastewater treatment plant. However, an unfavorable event involving a common issue that impedes with the operation of pumping stations is the accumulation of fat, oil and grease (FOG), which may cause blockages, leading to wastewater spills and backups. Besides, EAF in KSC generate a considerable amount of undesirable wasting metals in the form of a ne dust (i.e., EAF dust) during the melting process. 1 Compared to other wastes, it is difficult to pile up in the open space or landll as it creates serious environmental problems. In KSC, six arc furnaces are assessed to generate about 60 000 tons of EAF dust per year during the annual steel production of the aforementioned and approximated in the diameter range of 20-25 mm size of particles. The United States environmental protection agency (US EPA) in 1980 categorized the EAF dust as a hazardous industrial waste, due to its chemical and physical properties. 2 In general, disposal or recycling of these heavy metals from EAF is actually quite expensive and inefficient.
3 A previous study suggested that the most abundant elements in EAF dust were iron and some transitional metals. 4 In view of the above, it would be attractive to supply a process for the recovery of iron EAF dust by way of waste prevention and metal values that does not present a difficult solid/liquid extraction system and to cover an alternative application method of treatment and disposal of effluents of steel industries.
Among the oxidation methods, advanced oxidation processes (AOPs) are of great attention for the treatment of those wastewaters with high chemical strength and low biodegradability by conventional methods, due to their thermodynamic feasibility and high oxidative capability for the removal of organic pollutants of wastewater via precipitation of free radicals, mainly hydroxyl radicals (cOH). 5, 6 AOPs can be categorized as homogeneous (Fenton, Fenton-like, O 3 /H 2 O 2 , UV/O 3 ) and heterogeneous (ZnO/UV, TiO 2 /UV and others) processes in which highly reactive hydroxyl radicals are generated, with or without UV irradiation, to attack a great variety of organic compounds. 7, 8 Among the wide applied AOPs, TiO 2 is the most used semiconductor for removing organic pollutants from the aqueous phase in heterogeneous process. It is well established that TiO 2 with a wide band gap (3.2 eV) and proper UV radiation wavelength (l < 385 nm) can generate electron/hole pairs (e À /h + )
that recombine a conduction band electron and a valence band hole to be able to interact with adsorbed electron acceptors and oxidize electron donors. 9 This catalyst elucidates efficient photocatalytic activity, strong oxidizing power, good chemical and optical stability, non-toxic and at a relatively low cost and longterm stability against photocorrosion and chemical corrosion. 10, 11 To address the current complications of conventional TiO 2 catalysts as applied in practice, the main weakness of this process is the difficulty in removing the suspension photocatalyst from the treated wastewater at the outlet of the photocatalytic reactor 12, 13 and separating such nanoparticles from large volumes of water involves additional cost. To overcome separation problem, immobilization of TiO 2 particles onto support materials (such as quartz, silica gel, alumina, zeolites, activated carbon, glass sphere etc.) provides loss of photocatalytic activity, low surface areas, low mass transfer limitation, and difficult to recover and reuse from the photoreactor.
14 Consequently, there is a great demand for ways to improve TiO 2 particles stability and reusability. Potential application of magnetic photocatalyst separation provides a suitable approach for removing and reusing magnetic nanoparticles by applying an appropriate external magnetic eld. Using this approach, the agglomeration of the heterogeneous photocatalyst particles can be prevented in the recovery stage and the long-term durability of the photocatalysts may be improved. At present, this is the main technical disadvantages that associated with the application of the photocatalytic wastewater treatment processes. 15 Furthermore, the author has previously reported that the cost associated with a downstream separator may be reduced or may even eliminate a downstream separating unit for a large-scale energy, developing energy-saving technologies.
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Consequently, TiO 2 photocatalyst has been coated onto the surface of several magnetic supports, for instance polymers, 17 carbon, 18 and silica, 19 zeolite 20,21 and other nanocomposites combining silica mesoporous structure materials with a high surface area and tunable pore size (2-50 nm) with magnetic nanoparticles 22 in order to enhance the photocatalytic ability of nanostructured TiO 2 . Xin et al. 23 have fabricated a separable Fe 3 O 4 @TiO 2 coreshell nanocomposite for photocatalytic degradation of Rhodamine B (RhB) solution. Wang et al. 24 have recently reported a separable Fe 3 O 4 @SiO 2 @mTiO 2 core-shell nanocomposite and an outer mesoporous TiO 2 (mTiO 2 ) as the active layer for photocatalytic degradation of methylene blue (MB) solution. However, the major disadvantages of the aforementioned research studies are the relatively high cost of the iron salts (chloride and nitrate salts) and the release of large amounts of chloride and nitrate from iron chloride or iron nitrate, which adds additional cost to the process and would have deleterious to the environment. Therefore, a process to use iron-based EAF dust to produce magnetic photocatalyst compensate the above mentioned cost advantage.
Alongside the above background, for the rst time, magnetic core-shell Fe 3 O 4 @TiO 2 nanoparticles were designed through the preparation of magnetic core Fe 3 O 4 nanoparticles from an electric arc furnace dust from the steelmaking industry and TiO 2 shell, so the resulting nanoparticles could be easily separated from treated wastewater under the application of an external magnetic eld. The characteristics of photocatalyst were analyzed by several techniques and the UV-light catalytic activity of the resulting nanoparticles was evaluated for the efficiency in the degradation of steel mill wastewater, which showed a low biodegradability, posing serious threats to the environment once released into natural water. The effects of different Fe 3 O 4 to TiO 2 ratio, solution pH value, Fe 3 O 4 @TiO 2 dose and temperature on COD removal were investigated. The recycling capability and reuse of the Fe 3 O 4 @TiO 2 nanoparticles were also studied. The Langmuir-Hinshelwood was applied to explain the kinetics of the photodegradation of organic pollutant of steel mill wastewater and the thermodynamic parameters of the photocatalytic reaction at various temperatures estimated by the Eyring equation based on the transition state theory.
Materials and methods

Materials
EAF dust, ethylene glycol (EG), sodium acetate anhydrous (CH 3 COONa, AcNa), tetraethylorthotitanate (TEOT), tetra-nbutylammonium hydroxide (TBAOH) and absolute ethanol were obtained from Merck. All these reagents were used as received without further purication.
Preparation of Fe 3 O 4 nanoparticles
The magnetic particles were synthesized through a solvothermal method Zhao et al. 25 with some modication. Table 1 shows the dry composition of EAF dust collected from KSC. The main components are 30.18% total Fe, 13.17% CaO and 7.90% Na 2 O, indicating that ne dust contains signicantly larger amounts of iron. In a typical procedure, 10 g EAF dust was dissolved by HCl (4 mol) under vigorous stirring for 60 min. The solution was placed in a boiling water-bath for 60 min, and added ethylene glycol (40 mL) to form a clear solution and then 
Characterization
The elemental composition of EAF dust was determined by Xray uorescence (XRF, Philips, Spectrometer PW2404 The size and morphology of the as-synthesized particles were determined by a scanning electron microscope (SEM, KYKY-EM3200). The particle morphology was examined by a transmission electron microscope TEM (Philips CM120, 120 kV). The magnetization and hysteresis loop were measured in air at room temperature with a vibrating sample magnetometer (VSM, Lake shore, 7410). Chemical oxygen demand (COD) was determined for the SMW using a photometric analyzer (DR5000 spectrophotometer, Hach, Germany). X-ray photoelectron spectroscopy (XPS) analysis was employed by Specs model EA10 plus (Bestec Co, Germany) using the Ka line energies of aluminium (AlKa ¼ 1486/6 eV) as a radiation source and ultrahigh vacuum (UHV) chamber at a pressure of 10 À9 Torr.
Wastewater characteristic
The steel industry wastewater was collected from the pumping stations of mill effluent sumps, the Khouzestan steel company (KSC), southwest of Iran. The wastewater was stored at 4 C. The characteristics of wastewater, including the chemical oxygen demand (COD), biological oxygen demand (BOD), total suspended solids and turbidity were determined according to standard methods for the examination of water and wastewater 26 as summarized in Table 2 .
Photocatalytic experiments
Photodegradation experiments were carried out in a batch reactor. The cylindrical reactor of 1000 mL capacity was used by taking of 500 mL wastewater containing a certain amount of photocatalyst. Prior to the irradiation, the reaction mixture was purged with oxygen gas for 30 min to perform the reaction under dark condition. 
Photocatalytic degradation kinetics
The Langmuir-Hinshelwood (L-H) model was applied to describe the initial rate of the photodegradation kinetics of the COD of SMW. where, where r o is the initial rate of the disappearance of the COD concentration, C COD the equilibrium bulk-solute concentration and t the reaction time, K the equilibrium constant for adsorption of COD onto the photocatalyst surface and k r the limiting rate constant of the reaction at maximum coverage under the given experimental conditions. In the case of highly diluted solution, the term KC becomes less than 1, when the denominator of eqn (2) neglected and the reaction rate can be modelled by the apparent rst-order kinetics as in the following equation:
where, k app the apparent rst-order rate constant. The solution to differential eqn (3) with the boundary condition C ¼ C o at t ¼ 0 is:
where, COD o and COD t are the COD concentration at the initial time (t ¼ 0) and any time t (t ¼ t), respectively. Thus, by plotting COD t /COD o against t, the apparent rate constant can be computed from the nonlinear regression analysis.
Thermodynamic study
The reaction rate constant and removal efficiency increases with increasing the reaction temperature for Fe 3 O 4 @TiO 2 photocatalyst decomposition. The activation energy, which is a minimum energy needed for the reaction to occur, can be expressed by the Arrhenius equation:
where k app is the apparent rate constant for the rst order reaction (min À1 ), A the frequency factor (min À1 ), E a the activation energy (kJ mol À1 ) R the ideal gas constant which is equal to 8.314 J K À1 mol À1 and T the temperature (K). The linear form of logarithm of eqn (5) can be written as:
According to transition state theory (TST), the Henry Eyring equation can be used to deduce the temperature dependence of apparent rate constant:
where, K B is the Boltzmann's constant which is equal to 1.3805 
Substitution of eqn (8) into eqn (7) gives:
The linear form of the Eyring's equation can be expressed as follows: tained from the slope and the intercept, respectively. According to our previous publication, the following expressions give an additional method of estimating the frequency factor and activation energy can be computed:
3. Result and discussion 
where D is the crystallite size (nm), l the wavelength of the X-ray radiation (Cu Ka ¼ 0.1541874 nm), k the Scherrer constant (0.89), b the full width at the half-maximum of the (101) Fig. 2a and b. Fig. 2a shows a total XPS spectrum that composed mainly of two peaks of carbon (C 1s 284.6 eV) and oxygen (O 1s 531.4 eV), deriving from the acetate coating on the surface and remaining carbon from EAF dust (Table 1) According to quantum theory, the degeneracy energy level corresponding to each value of quantum number J is (2J + 1). 27 As can be seen from Fig. 3a and b, of the two peaks, Fe 2p 3/2 peak is more intense than Fe 2p 1/2 peak, and the peak area ratio of Fe 2p 3/2 to Fe 2p 1/2 core level photoelectron of 2 to 1 is observed. This splinting energy of the XPS peaks (DE) was found to be 14.6 eV. Furthermore, the narrower and the larger peak area of Fe 2p 3/2 than Fe 2p 1/2 peak is due to spin orbit (J-J) coupling. In addition, it is observed that Fe 2p 3/2 and Fe 2p 1/2 peaks for Fe 3 O 4 nanoparticles have two satellite peaks as presented in Fig. 3 (Fig. 4) . The absorption peaks in the range of 1200 and 1460 cm À1 are attributed to methyl and methylene groups bending, wagging, scissoring, rocking and twisting vibrations. An absorption band associated with -C-H bond symmetric stretching are located at 2919 cm À1 and an asymmetric stretching vibration at about 2850 cm À1 . However, the absorption peak at 1698 cm À1 is attributed to the presence of (Fig. 4b) , the magnetite peak overlaps with broad bands of the stretching mode of Ti-O-Ti group, conrming the presence of TiO 2 layer. In addition, the peaks observed at 703 and 784 cm À1 in spectrum in Fig. 5a demonstrates that TEM images of Fe 3 O 4 crystallites are ultrane and the diameter of the aggregated particle size is of around 40 to 80 nm. Fig. 5b Fig. 3b shows that the Fe 3 O 4 spherical shapes are compose of primary nanoparticles with a size of about 20 nm, which was comparable with the crystallite size of 15.64 nm in nanocrystalline bulk materials computed from the XRD pattern by using the Scherrer equation. Fig. 5c shows that the spherical shape of magnetite connects tightly to one another to form a sphere. According to Fig. 5d , the representative TEM image of a single core-shell Fe 3 O 4 @TiO 2 nanoparticle with well-dened coreshell structure and with an average size of 80 nm and the average thickness of the shell is 15 nm. The dark and bright regions correspond to the Fe 3 O 4 and the shell, respectively. This phenomenon can be due to their different electron-absorbing abilities, i.e., the electron binding ability of Fe 3 O 4 is higher than that of non magnetic TiO 2 . Therefore, the cores can be identied as the darker region compared to the shell area.
31,32
From the TEM images, it can be seen that a uniform shell of TiO 2 with a nanoscale thickness is coated on the Fe 3 O 4 surface to form a core-shell structure. On the other hand, Fig. 5d represents more closely that the spherical-like core-shell nanoparticles are formed onto the Fe 3 O 4 nanoparticle core and an anatase TiO 2 nanolayer shell. Fig. 5e demonstrates SEM image of the spherical morphology of core-shell nanoparticles with some degree of agglomeration. From the particle size distribution obtained from SEM image, it is possible to identify particles with different size, ranging from small particles to particles with up to 100 nm; nevertheless, the particle sizes estimated from the SEM were in the range of 30 to 100 mm. Fig. 5f conrms the element composition by SEM with energy dispersive X-ray (EDX) spectroscopy analysis. Fig. 5g 33 Due to the magnetic core-shell nanocomposite, the as-synthesized photocatalyst can be easily collected from aqueous solution by external magnetic eld over a short period of time and then can be readily re-dispersed by slightly shaking it. The inset Fig. 6 shows the images obtained for dispersed aqueous solution (top inset) and separated from aqueous solution (down inset) by an external magnetic eld. The nanoparticles exhibited well magnetic behavior when they were magnetically separated from supernatant portion and redispersed in aqueous solution, suggesting the high potential sensitivity of as-synthesized magnetic photocatalyst.
Photocatalytic degradation
3.2.1. Effect of different photocatalyst. Fig. 7 shows the dark condition and adsorption under UV irradiation and the inuence of ve different photocatalysts (anatase TiO 2 and FT0.25, FT0.5, FT1 and FT2) on the decomposition kinetics and removal of organic compound of steel mill wastewater. Fig. 7a shows that the COD concentration diminishes exponentially with increasing time in the presence of Fe 3 O 4 @TiO 2 under UV irradiation. The apparent rate constant (k app ) veries the shape of exponential decrease. Under a dark condition, the rate of COD removal was found to be much lower than the case of UV irradiation. The experimental data showed that the amount of COD adsorbed on the photocatalyst surface under a dark condition was found to be about 2.3% aer 30 min (Fig. 7b) , indicating a very low portion of the surface area of photocatalyst is accessible to COD adsorption. This means that the stereochemical structural limitations and its co-adsorbed with water molecules on the surface of photocatalyst are predominant for the reason that the water molecules are more abundant than COD molecules. At this operating condition, the rate constant of Fe 3 O 4 @TiO 2 at pH 3 aer 30 min was calculated as 0.00067 min
À1
. Hence, the COD removal of Fe 3 O 4 magnetic nanoparticles under the UV light was about 7.7% aer 30 min. The corresponding rate constant was calculated to be 0.00082 min
. From Fig. 7b , the results of our study showed that about 88.84% of the COD removal achieved in the presence of assynthesized anatase TiO 2 under UV light aer 90 min. At this operating condition, the corresponding apparent rate constant was 0.024 min À1 . The decomposition and mineralization of (Fig. 8c) , it is obvious that FT1 should be chosen as optimum photocatalyst, that can be used to obtain the apparent rate constants of other experimental conditions. 3.2.2. Effect of pH. The pH of the solution is a major factor affecting the photocatalytic activity, because it dedicates the surface charge of the photocatalyst and the size of aggregates it forms.
34 It can be explained that the solution pH positively correlates with their photocatalytic performance, indicating that the organic wastewater compounds are to be differences in hydrophobicity, solubility and speciation behaviors. When a pH of a solution decreases below its pK a value, an organic compound exists in a neutral form and it transfers from neutral to a negatively charged when the solution pH increases above its pK a value. Accordingly, organic pollutants decomposition rate of photocatalytic reaction was increased signicantly with 
In addition, OHc radicals can be produced by cleavage of H 2 O 2 by one of the following reactions:
Finally, oxidation of organic compounds to CO 2 mineralization occurs in a solution saturated with activated oxygen species (O 2 À c, HO 2 c, H 2 O 2 , OHc), which may affect the yield of oxidation.
The experiments were carried out at pH 3, 4, 5, 6, 7, and 8 for 90 min reaction time (Fig. 9) . Fig. 9a shows that anchored in the results of our experiments, decomposition of organic pollutants using Fe 3 O 4 @TiO 2 photocatalyst for steel mill wastewater follows the rst-order kinetic. This gure shows that the decomposition rate of the organic compounds decreased with increasing pH of the solution. The plot of COD t /COD o versus reaction time gives a good relationship (R 2 > 0.99), which is supportive of the good agreement of tting the reaction data in rst-order kinetic and the apparent reaction rate constant of the photocatalytic decomposition at pH 3, pH 4, pH 5, pH 6, pH 7 and pH 8 were calculated as 0.043, 0.038, 0.036, 0.035, 0.034 and 0.030 min À1 , respectively. As the pH of the solution is increased, the degradation of organic molecules onto catalyst surface decreased. Therefore, degradation rate constants were observed to be low at basic pH condition. Fig. 9b shows that neutral pH and moderate acidic pH conditions were appropriate for organic degradation of steel mill wastewater by Fe 3 O 4 @TiO 2 . Fig. 9b shows that the maximum degradation of about 94% was observed at pH 3. This phenomenon could be led to obvious justication that degradation of organic compounds exhibited different behaviors with strong pH dependence of the solution.
35,36
To explain, electrostatic interactions and pHdependent trend between the protonated surface of photocatalyst (TiOH 2 + ) and cations of organic compound of COD results to strong adsorption and subsequent efficient decomposition of organic pollutants:
The existing form of organic compounds and surface charges of Fe 3 O 4 @TiO 2 is also related to solution pH. Fig. 9c shows that the point of zero charge (pzc) for anatase TiO 2 used in this study was around pH ¼ 4.1. Therefore, catalyst surface is positive in solution at moderate acidic (pH < 4.1) and negatively at basic condition. 37 Repulsions between same charged Fe 3 O 4 @TiO 2 surfaces prevent the agglomeration of the catalyst. Similar observations on the effect of pH for TiO 2 photocatalyst have been reported in photocatalytic decomposition of COD of some other pollutants. 37, 38 At pH 8, TiO 2 particle surfaces should mainly be neutral. Minimum degradation of 85.24% was observed at pH 8 (Fig. 9b) . To explain, basic pH electrostatic interactions between deprotonated surface of photocatalyst (TiO À ) and organic compound of COD leads to adsorption and degradation of organic compounds:
However, the band hole position may be moved to more negative value with increasing pH, causing in a reduction of oxidation potentials. Consequently, the solution pH at a suitable value, due to electrostatic attraction, would inuence the degradation of organic compound of COD in wastewater and the adsorption on the surface of Fe 3 O 4 @TiO 2 photocatalyst and thus it is found to favor efficient degradation rate of organic compounds.
by the high turbidity suspension and light shadowing effects at high dose of photocatalyst, experiments were performed to optimize the dose of the Fe 3 O 4 @TiO 2 photocatalyst in order to maximize the density of surface active sites and reactivity for the photocatalytic mineralization of organic pollutants. This part of the experiment was carried out under the following conditions: catalyst dose of 0.25, 0.5, 1 and 2 g L À1 , initial COD 860 mg L À1 , pH 7, temperature of 30 C, and 90 min reaction time. Fig. 10a depicts a good agreement of the nonlinear relationship of photodegradation kinetics with experimental data (R 2 > 0.97) and the apparent rate constants of the photocatalytic degradation at 0.25, 0.5, 1 and 2 were calculated as 0.007, 0.033, 0.043 and 0.058 min À1 , respectively. The variations in COD removal efficiency obtained are illustrated in Fig. 10b . Correspondingly, when the photocatalyst dose was increased from 0.25 g to 2 g, the COD removal efficiency was improved from 51.74 to 95.93%. It was speculated that excessive amount of the Fe 3 O 4 @TiO 2 photocatalyst added to the solution has signicant efficiency of photodegradation under UV radiation. However, a further increase in photocatalyst dose above the optimum level (up to 3 g L
À1
) led to irregular light intensity scattering, so that the reaction rate was lower with an increase in catalyst dosage (gure not shown). Our results showed that the decomposition rate of COD increases linearly with catalyst dose up to 2 g L À1 and then decreases due to increase in solution turbidity.
3.2.4. Effect of reaction temperature. Fig. 11 shows the temperature effect on the COD degradation in the experiments at different temperature in the range of C, whereas the initial COD concentration, dose of photocatalyst, pH and contact time were xed at 1070 mg L
, 1 g L
, 3 and 90 min reaction time, respectively. Based on the experimental results, degradation of organic compounds in wastewater using heterogeneous Fe 3 O 4 @TiO 2 catalysts follows pseudo apparent rst-order kinetics (Fig. 11a) . Over the examined range temperature, COD degradation was increased as the temperature rose (Fig. 11b) . The maximum removal efficiency was obtained at a temperature of 55 C. Fig. 11c illustrates that the Arrhenius equation demonstrates the effect of a change of temperature on the rate constant from 15 to 45 C. The calculated E a obtained for the photodegradation of organic pollutants in steel industry wastewater by heterogeneous Fe 3 O 4 @TiO 2 and the corresponding frequency factor and R 2 are presented in Table 3 . This is to be stated that the activation energy of Fe 3 O 4 @TiO 2 system is relatively less than the other reported in the literatures. 21 Fig. 11d shows the Eyring plot of SMW with Fe 3 O 4 @TiO 2 at different temperature and 
Studies upon photocatalyst recycling
To examine the reusability and photocatalytic stability of Fe 3 -O 4 @TiO 2 nanocomposite, recycling experiments were also conducted under optimal conditions. At the end of the rst step of decomposition reaction cycle, the Fe 3 O 4 @TiO 2 nanoparticles were separated from aqueous solution by external magnetic eld for a period of 90 min and then the treated wastewater was discharged. The separated photocatalyst was then reused without any treatment. The advantage of the magnetic photocatalytic process of organic pollutant degradation is to be employed for a number of working cycles in order to maintain low cost and the good photocatalytic activity, the easy separation from the aqueous solution, the possibility of reuse. 40 have investigated the effect of pH (3-10) on the decomposition of Reactive Red 195 using a mixture of amorphous hydrated TiO 2 and crystalline TiO 2 . They stated that the degradation adsorption of RR195 was increased at the acidic pH compared to the alkaline pH, which was attributed to the strong electrostatic interaction between the catalyst surface and the dye molecules at lower pH values. Under the conditions tested, the degradation efficiency was reported to be at 76 and 66% for pH 3 and 10, respectively. A study 20 has shown that the percentage decomposition of photocatalyst increases with increasing photocatalyst dose and then decreases at high dose because of a decrease of light scattering and screening effects among photocatalyst particles. They reported that a maximum reduction of 80% COD for petroleum renery wastewater using TiO 2 / Fe-ZSM-5 at pH of 4, a photocatalyst concentration of 2.1 g L À1 , a temperature of 45 C and UV exposure time of 240 min. In addition, the problem of particle agglomeration (particleparticle interactions) also increases at high dose of photocatalyst may result in the degradation efficiency of photocatalyst. Zhang et al. 41 3 g L À1 and 45 C. The heterogeneous photocatalytic decomposition of phenol in aqueous solution was studied using TiO 2 photocatalyst under UV light irradiation in an annular type photoreactor. 43 The kinetic parameters were modelled by the L-H model and the apparent reaction rate constant and removal efficiency for phenol degradation corresponding to the ow rate of 10 L h À1 and 0.4 g L À1 TiO 2 dose was found to be 0.00288 min À1 and 36%, respectively. Abbasi and et al. 44 synthesized Fe 2 O 3 nanoparticles via a microwave method and Fe 2 O 3 -TiO 2 nanocomposites by a sonochemical-assisted procedure. Under UV light irradiation, the photocatalytic activity of Fe 2 O 3 -TiO 2 nanocomposites was assessed by measuring the decomposition of MB in aqueous media. The maximum degradation efficiency of MB was achieved about 81% aer 100 min synthesis of carboxymethyl-b-cyclodextrin-functionalized Fe 3 O 4 @TiO 2 (CMCDFe 3 O 4 @TiO 2 ) core-shell nanoparticle was prepared for photocatalytic ability to degrade bisphenol A (BPA) and dibutyl phthalate (DBP) from aqueous solution. 45 They reported that the degradations of BPA and DBP in the presence of CMCD-Fe 3 -O 4 @TiO 2 and Fe 3 O 4 @TiO 2 using a Hg vapor lamp were obtained to be complete for BPA within 60 min, whereas it was incomplete for DBP even aer 180 min of illumination. They also studied the photocatalytic activity of the CMCD-Fe 3 O 4 @-TiO 2 nanoparticles for multiple usages. It maintained 90% of efficiency aer 10 cycles compared to the rst use efficiency.
In summary, the catalytic mechanism of Fe 3 O 4 @TiO 2 nanocomposites in mineralization of organic compounds is known by the researchers in the eld of environmental photocatalysis and especially they can easily be recycled and reused by external magnetic eld due to their strong magnetic response. Moreover, our results demonstrated that the greater reactivity of the as-fabricated photocatalyst is more pronounced than for P25 TiO 2 . However, Fe 3 O 4 core and TiO 2 shell in the nanocomposite core-shell structure play a key role in the photocatalytic degradation process. The active sites on the surface of TiO 2 shell layer can act as adsorbent for photocatalytic function in mineralization of the organic compounds under UV light irradiation and the magnetite particle with about 25 nm crystalline Fe 3 O 4 core allows for the magnetic separation function from the dispersion once yields CO 2 and water, i.e., complete mineralization.
Conclusion
The experimental data of this study demonstrated that Fe 3 O 4 nanoparticles were successfully synthesized by solvothermal reaction using EAF dust reaction substrate, sodium acetate as a reducer and ethylene glycol as solvent. The core-shell Fe 3 -O 4 @TiO 2 nanocomposites were synthesized by the sol-gel method. The characterization results showed that samples presented a high degree of superparamagnetism and the particle size of Fe 3 O 4 obtained was about 100 nm. The second major nding was that the photocatalytic activity for the decomposition of COD of steel mill wastewater was higher in the acidic pH. In addition, Fe 3 O 4 @TiO 2 nanoparticles can be reused several times without signicant decrease of their efficiency of the oxidation process which indicates that they are suitable candidates for the practical use in the industrial wastewater treatment. Returning to the question posed at the beginning of this study, it is now possible to state that, using EAF dust is a good alternative to minimize the costs of preparation of photocatalyst, which is considered as an environmentally friendly method, because no salts are volatile or harmful that can be easily recycled. In other words, the Fe 3 O 4 nanoparticles derived in this study could help to reduce the burden on the environment from EAF dust, increase the improvement of the source nanomaterial and reduce the cost of raw materials. Finally, the ndings of this study have an important suggestion for future work that other metal oxide nanoparticles could be synthesized from the precursor reacting with HCl in aqueous solution by hydrothermal precipitation with NaOH.
